All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The functional specialization of the human cerebral cortex is critically dependent on the structural organization and connectivity of its cortical areas \[[@pbio.2004559.ref001]--[@pbio.2004559.ref005]\]. In recent years, evidence to support this structure-function relationship has focused on noninvasive methods through functional imaging and tractographic studies in humans. These approaches have led to analysis of large datasets and findings on broad brain communication networks \[[@pbio.2004559.ref006]--[@pbio.2004559.ref008]\].

Notwithstanding the introduction of approaches with increasing resolution to probe structure-function relationships in recent years, little is known about the efficacy of image-based tracing methods to capture the wealth of existing connections in humans \[[@pbio.2004559.ref009]--[@pbio.2004559.ref012]\]. This drawback is particularly acute in depicting even strong pathways to and from small subcortical nuclei or distinct cortical layers (e.g., \[[@pbio.2004559.ref013]--[@pbio.2004559.ref019]\]) while avoiding emergence of false pathways \[[@pbio.2004559.ref020]\].

By contrast, a wealth of high-resolution information on connections has been amassed in nonhuman primates using invasive neural tracing methods, which have contributed to theories about the organization of connections (reviewed in \[[@pbio.2004559.ref021], [@pbio.2004559.ref022]\]). Moreover, numerous studies of the cyto-, myelo-, and receptor-architecture have systematically quantified neocortical laminar patterns and correlated them with gene expression or activity patterns (e.g., \[[@pbio.2004559.ref005], [@pbio.2004559.ref023]--[@pbio.2004559.ref026]\]; reviewed in \[[@pbio.2004559.ref027]\]). One key principle that has emerged is that the architectonic differences in the cortex of mammalian species are not random but systematic. Moreover, connections critically depend on the systematic variation in cortical structure (reviewed in \[[@pbio.2004559.ref021]\]).

Can we use the rich information from monkeys to understand connections in humans and then examine their disruption in disease? We addressed this issue using the prefrontal cortex (PFC) as a model system in monkeys and humans, because this region is affected disproportionally in psychiatric and neurological diseases. The overall organization of the PFC and associated white matter bundles appear to be largely preserved in primate evolution, rendering nonhuman primates an invaluable animal model for the study of connections in humans \[[@pbio.2004559.ref001], [@pbio.2004559.ref017], [@pbio.2004559.ref019], [@pbio.2004559.ref028]--[@pbio.2004559.ref033]\].

Our goal was to compare first the fundamental architecture of distinct prefrontal areas in humans and monkeys and then their axons below the cortex, which make up the highway system for connections. The methods to address this issue in humans and monkeys were identical. We then used detailed connection data from monkeys to determine whether pathways studied through axon features at high resolution are correlated with actual connections, studied with neural tracers. We used the PFC as a model system because it has a large array of areas with distinct laminar structure and functions \[[@pbio.2004559.ref034], [@pbio.2004559.ref035]\], and there are extensive quantitative data on its connections in nonhuman primates (reviewed in \[[@pbio.2004559.ref028], [@pbio.2004559.ref036]--[@pbio.2004559.ref040]\]).

Within the framework of systematic variation in the cortex, we studied 3 functionally and structurally distinct PFC regions: anterior cingulate cortex (ACC), posterior orbitofrontal cortex (OFC), and lateral prefrontal cortex (LPFC), which are broadly associated with attention, emotions, and executive function \[[@pbio.2004559.ref041]\]. We provide evidence for a strong similarity in the architecture of the cortex and white matter axons that participate in short- and long-distance communication in monkeys and humans and a high correlation between axon features and actual connections in monkeys and, by extension, in humans. Against the template of the high correlation of axon features and connections, further analyses revealed a changed trajectory of axons in autism spectrum disorder (ASD), suggesting disruption in both nearby and distant neural communication. Lastly, guided by the rules linking connections with the systematic structural variation of the cortex, we provide a map of connections that can be used in future studies to test hypotheses regarding networks likely affected in ASD.

Results {#sec002}
=======

Gray matter architecture revealed some differences but also common trends in monkeys and humans {#sec003}
-----------------------------------------------------------------------------------------------

[Fig 1](#pbio.2004559.g001){ref-type="fig"} shows the overall experimental design, and Tables [1](#pbio.2004559.t001){ref-type="table"}--[3](#pbio.2004559.t003){ref-type="table"} and [S1](#pbio.2004559.s002){ref-type="supplementary-material"} and [S2](#pbio.2004559.s003){ref-type="supplementary-material"} Tables include information on the humans and monkeys used in the present study. We first quantified and compared key cytoarchitectonic features of the PFC in both species, including the laminar density of neurons. The investigated ACC areas 25 and 32 and OFC areas 13 and orbital proisocortex (OPro) are dysgranular, an architectonic term applied to areas that have overall poor laminar definition and inconspicuous layer 4, as shown in [Fig 2](#pbio.2004559.g002){ref-type="fig"}. We refer to these areas collectively as limbic, to describe operationally areas that are either dysgranular or agranular (lacking layer 4). LPFC areas 46 and 8 are eulaminate, a term used for areas that have 6layers, including a clearly visible layer 4 ([Fig 2](#pbio.2004559.g002){ref-type="fig"}). These terms apply to all areas of the cerebral cortex, including primary motor area 4, which has been incorrectly described as "agranular" in the literature (for discussion, see \[[@pbio.2004559.ref042], [@pbio.2004559.ref043]\]).

![Experimental design and areas studied.\
(A) Human brain hemisphere (top-left, medial view; bottom-left, lateral view) and coronal tissue slabs (right) at 2 frontal levels (marked by dotted lines) with anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), and lateral prefrontal cortex (LPFC) cortical regions, as well as superficial white matter (SWM) and deep white matter (DWM) subdivision beneath ACC. Dotted-line boxes outline the sampled columns. (B) Rhesus macaque brain hemisphere (top-left, medial view; bottom-left, lateral view) and coronal tissue slabs (right) at 2 frontal levels (marked by dotted lines) with corresponding ACC, OFC, and LPFC cortical regions. Dotted-line boxes outline the sampled columns. (C) Lateral, medial, and orbital views of hemispheres show prefrontal areas in the human (top) and rhesus macaque (bottom). The prefrontal cortex is shaded with a grayscale by structural type (agranular: dark shades, dysgranular: medium shades, and eulaminate: light shades). (D) Laminar cytoarchitecture and myeloarchitecture in cortical gray matter columns from coronal sections of ACC, OFC, and LPFC were studied quantitatively at the light microscope. (E) Estimation of axon and myelin thickness and density in the white matter beneath these prefrontal regions in the electron microscope. Color shading in panels A and B shows approximate regions of interest within ACC, OFC, and LPFC; the panels do not depict exact architectonic borders of these regions. We avoided regions near the borders of areas and sampled columns of dysgranular ACC, OFC, and granular LPFC (boxed outlines in coronal tissue slabs in panels A and B). Abbreviations: cc, corpus callosum; CC-G, corpus callosum genu; cgs, cingulate sulcus; ifs, inferior frontal sulcus; imfs-h, intermediate frontal sulcus, horizontal segment; ios, intermediate orbital sulcus; lorbs, lateral orbital sulcus; los-a, lateral orbital sulcus, anterior ramus; morbs, medial orbital sulcus; mos-a, medial orbital sulcus, anterior ramus; mos-p, medial orbital sulcus, posterior ramus; olfs, olfactory sulcus; pcgs, paracingulate sulcus; pimfs-d, paraintermediate frontal sulcus, dorsal; pmfs-a, posterior middle frontal sulcus, anterior segment; pmfs-i, posterior middle frontal sulcus, inferior segment; ps, principal sulcus; prts, pretriangular sulcus; sar, superior arcuate sulcus; sfps, superior frontal paramidline sulcus; sfs, superior frontal sulcus; sfs-a, superior frontal sulcus, anterior segment; Thal, thalamus.](pbio.2004559.g001){#pbio.2004559.g001}

![Distinct laminar cytoarchitecture of dysgranular (limbic) and eulaminate areas of the human and rhesus monkey prefrontal cortex (PFC).\
(A--D) Photomicrographs of coronal sections from areas 25, 32, and 13 (dysgranular) and area 46 (eulaminate) of the human brain stained with Nissl. (E--H) Photomicrographs of coronal sections from similar levels of areas 25, 32, orbital proisocortex (OPro) (level similar to human 13), and 46 of the rhesus macaque brain stained with Nissl. Small sketches under each panel show medial, lateral, and orbital views of the brain surface and the level of each coronal section. The sketches also show PFC areas with the lowest (black, agranular) and highest (lightest gray, eulaminate) laminar elaboration. Areas 25 and 32 have a rudimentary layer 4 (dysgranular). Deep layers 5--6 are more prominent than superficial layers 2--3 (A, B, E, and F). Eulaminate area 46 has 6 layers, with a well-developed layer 4. Superficial layers 2--3 are denser than in limbic anterior cingulate cortex (ACC) areas (D, H). Dysgranular area 13/OPro in the orbitofrontal cortex (OFC) shows intermediate characteristics (C, G). We examined OFC area 13 in human PFC and the structurally similar OFC area OPro in rhesus macaques. Abbreviations: LPFC, lateral prefrontal cortex; OPro, orbital proisocortex; SWM, superficial white matter. Red numbers indicate cortical layers. The calibration bar in panel A applies to all photographs.](pbio.2004559.g002){#pbio.2004559.g002}

10.1371/journal.pbio.2004559.t001

###### Clinical characteristics of human subjects analyzed.

![](pbio.2004559.t001){#pbio.2004559.t001g}

  -----------------------------------------------------------------------------------------------------------------------------------------------------------
  Human subject number                             Diagnosis   Sex\                   Age\      PMI\      Hemisphere\           Primary cause of death
                                                               (M: male; F: female)   (years)   (hours)   (L: left; R: right)   
  ------------------------------------------------ ----------- ---------------------- --------- --------- --------------------- -----------------------------
  HAW                                              Control     F                      58        --        Right                 Pancreatic cancer

  HAY                                              Control     M                      67        --        Right                 Pancreatic cancer

  HBJ                                              Control     M                      50        --        Right                 Unknown

  HBK                                              Control     M                      60        --        Right                 Unknown

  B-4786                                           Control     M                      36        20        Right                 Myocardial infarction

  B-4981                                           Control     M                      42        18        Right                 Myocardial infarction

  B-5353                                           Control     F                      41        14        Right                 Unknown

  B-6004                                           Control     F                      36        18        Right                 Unknown

  AN-06746[^a^](#t001fn002){ref-type="table-fn"}   Autism      M                      44        31        Right                 Acute myocardial infarction

  AN-18892[^b^](#t001fn003){ref-type="table-fn"}   Autism      M                      31        99        Right                 Shooting

  AN-08792[^c^](#t001fn004){ref-type="table-fn"}   Autism      M                      30        20        Right                 Gastrointestinal bleeding

  AN-07770                                         Autism      F                      40        33        Left                  Respiratory arrest

  AN-11989                                         Autism      M                      30        16        Right                 Congestive heart failure
  -----------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: PMI, postmortem interval. Other diagnosed disorders include the following:

^a^ schizophrenia;

^b^ depression;

^c^ seizures.

10.1371/journal.pbio.2004559.t002

###### Adult rhesus monkeys analyzed.

![](pbio.2004559.t002){#pbio.2004559.t002g}

  ---------------------------------------------------------------------------
  Rhesus monkeys   Sex\                   Age (years)   Hemisphere\
                   (M: male; F: female)                 (L: left; R: right)
  ---------------- ---------------------- ------------- ---------------------
  MBH              --                     --            R

  MDL              --                     --            R

  AA               F                      --            R

  AD               --                     --            R

  AF               --                     --            L

  AI               M                      2             L + R

  AJ               F                      --            R

  AK               F                      3             R

  AL               --                     --            R

  AN               --                     --            L + R

  AR               --                     3             L + R

  AS               F                      5             L + R

  AT               F                      2             L + R

  AV               --                     --            L + R

  AY               F                      3             L

  BB               F                      2             L + R

  BD               M                      2.5           L + R

  BF               F                      2             R

  BI               F                      3             R

  BJ               F                      2             R

  BL               M                      3             R

  BN               M                      2             L + R

  BS               F                      3.5           L + R

  BT               F                      4             L + R

  BU               M                      4             L + R
  ---------------------------------------------------------------------------

10.1371/journal.pbio.2004559.t003

###### Type of experiment and analyses performed for each of the human subjects and each of the rhesus monkeys.

![](pbio.2004559.t003){#pbio.2004559.t003g}

  Human subjects       EM   Nissl   Myelin   Tract tracing
  -------------------- ---- ------- -------- ---------------
  HAW                  \*   \*      \*       
  HAY                  \*   \*      \*       
  HBJ                       \#      \#       
  HBK                       \#      \#       
  B-4786               \*   \*               
  B-4981               \*   \*               
  B-5353               \*   \*               
  B-6004               \*   \*               
  AN-06746             \*                    
  AN-18892             \*                    
  AN-08792             \*                    
  AN-07770             \*                    
  AN-11989             \*                    
  **Rhesus monkeys**                         
  MBH                                        \*
  MDL                                        \*
  AA                                         \*
  AD                                         \*
  AF                                         \*
  AI                        \#      \#       
  AJ                                \#       \*
  AK                                \#       \*
  AL                                \#       \*
  AN                        \#      \#       
  AR                        \*      \*       
  AS                        \*      \*       
  AT                        \*      \*       
  AV                        \*      \*       
  AY                        \*      \*       \*
  BB                        \#               
  BD                        \#               
  BF                                         \*
  BI                   \*                    \*
  BJ                        \#               
  BL                   \*                    
  BN                   \*   \#               
  BS                        \#               
  BT                        \#               
  BU                   \*                    

Abbreviations: EM, electron microscope. Asterisks (\*) indicate human subjects and rhesus monkeys used for quantitative analyses using unbiased sampling or stereology. Pound signs/hashtags (\#) indicate human subjects and rhesus monkeys used for qualitative or semiquantitative microscopic analyses.

We delineated areas based on the detailed descriptions and maps by von Economo, Koskinas, and Sanides \[[@pbio.2004559.ref035], [@pbio.2004559.ref044], [@pbio.2004559.ref045]\] for the human cerebral cortex and Barbas and Pandya \[[@pbio.2004559.ref038]\] for the rhesus macaque PFC. For this study, we avoided regions near the borders of areas, as described in recent detailed studies on the architecture of PFC regions \[[@pbio.2004559.ref046]--[@pbio.2004559.ref049]\], and relied on multiple salient features used in classic and modern architectonic studies to determine what constitutes an architectonic area, despite focal architectonic variations seen particularly across large areas. A good example of this approach is the characterization and mapping of area 25 in the rhesus macaque, which was based on cyto- and myeloarchitecture, as well as the distribution of neurofilament markers (SMI-32) and calcium-binding proteins \[[@pbio.2004559.ref050]\]. The position of area 25 in the posterior, ventromedial (subgenual gyrus), and orbital surface of the PFC is comparable in rhesus monkeys and humans (\[[@pbio.2004559.ref051]\], mainly areas F~L~ and F~H~ in the human cortical atlas by von Economo and Koskinas \[[@pbio.2004559.ref044]\]). There is a gradual increase in the laminar elaboration of area 25 along the posterior to anterior and medial to lateral axes such that its most posterior and medial portions are agranular, whereas the anterior and lateral segments are dysgranular \[[@pbio.2004559.ref035], [@pbio.2004559.ref044], [@pbio.2004559.ref050]--[@pbio.2004559.ref052]\]. The salient and most distinguishing feature of area 25 across its entire extent is the increased thickness and neuronal density of deep layers 5 and 6 and the very low density of myelinated axons in both primate species \[[@pbio.2004559.ref035], [@pbio.2004559.ref050]\]. Here we focused on the dysgranular portion of area 25 for analysis. Gradual changes in the laminar architecture of the cortex have also been described in the OFC, where layer 4 is sparser in area OPro than in the rostrally situated area 13, which is also dysgranular \[[@pbio.2004559.ref044], [@pbio.2004559.ref053]--[@pbio.2004559.ref056]\], and in the LPFC, where eulaminate area 8 is progressively more granular than the anteriorly situated area 46, which is also eulaminate \[[@pbio.2004559.ref029], [@pbio.2004559.ref030], [@pbio.2004559.ref038], [@pbio.2004559.ref044], [@pbio.2004559.ref057]--[@pbio.2004559.ref059]\].

Quantitative comparison of cytoarchitectural features showed that despite differences between humans and monkeys, the differences between limbic and eulaminate PFC areas followed similar trends in the 2 species. Human PFC areas had overall lower neuron density compared to rhesus macaques (Figs [2](#pbio.2004559.g002){ref-type="fig"} and [3](#pbio.2004559.g003){ref-type="fig"}), but the relationship among areas was the same ([Fig 3](#pbio.2004559.g003){ref-type="fig"}). Most neurons within a unit volume of human PFC (relative density) were found in layer 3, and neurons were most densely packed in layers 2 and 4, whereas in rhesus macaques neuron distribution and relative density were more balanced among layers, with the highest packing density seen in layer 4, as in the human ([Fig 4](#pbio.2004559.g004){ref-type="fig"}). Pyramidal projection neurons in layers 3 and 5 were overall larger in humans.

![Quantitative cytoarchitecture of the human and rhesus monkey prefrontal cortex (PFC).\
(A, B) Human PFC. (C, D) Rhesus monkey PFC. (A) The density of neurons and oligodendroglia and (B) the oligodendroglia/neuron ratio in human PFC increase gradually from limbic anterior cingulate cortex (ACC) to orbitofrontal cortex (OFC) to eulaminate lateral prefrontal cortex (LPFC). (C) The density of neurons and oligodendroglia and (D) the oligodendroglia/neuron ratio in monkey PFC also show a similar, albeit less pronounced, gradual increase from limbic ACC to OFC to eulaminate LPFC. All values are mean ± standard error. Red, LPFC area 46; gray, OFC area 13/orbital proisocortex (OPro); green, ACC area 32; blue, ACC area 25. We examined OFC area 13 in human PFC and the structurally similar OFC area OPro in rhesus macaques. The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g003){#pbio.2004559.g003}

![Quantitative laminar cytoarchitecture.\
(A, B) Human prefrontal cortex (PFC). (C, D) Rhesus monkey PFC. The relative laminar density of neurons in panels A and C was estimated as the average density of neurons in each layer divided by the volume (mm^3^) of all layers within a column of cortical gray matter. (A, C) show that most neurons are found in the superficial layers, especially layer 3, of eulaminate lateral prefrontal cortex (LPFC). In the anterior cingulate cortex (ACC), more neurons are found in deep layers 5 and 6 than in the upper layers, while the orbitofrontal cortex (OFC) shows intermediate features. In panels B and D, the packing laminar density of neurons was estimated as the average density of neurons in each layer divided by the volume (mm^3^) of that layer. This type of estimated density shows which layers have more densely packed populations of neurons within a cortical gray matter column of set volume. Neurons are densely packed in layer 2 and are especially so in layer 4. This is particularly evident in LPFC; the peaks of densely packed neurons become less prominent in other PFC areas, especially the ACC. All values are mean ± standard error. Red, LPFC area 46; gray, OFC area 13/orbital proisocortex (OPro); green, ACC area 32; blue, ACC area 25. The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g004){#pbio.2004559.g004}

Limbic and eulaminate PFC cortices with their distinct cytoarchitecture had differences in the density of neurons that followed similar trends across prefrontal areas in monkeys and humans (Figs [3](#pbio.2004559.g003){ref-type="fig"} and [4](#pbio.2004559.g004){ref-type="fig"}). As shown in [Fig 4](#pbio.2004559.g004){ref-type="fig"}, ACC cortices, and especially area 25, had relatively more neurons in deep layers 5 and 6, whereas LPFC had more neurons in the superficial layers. [Fig 4](#pbio.2004559.g004){ref-type="fig"} also shows that the packing density (neurons/layer volume in mm^3^) followed the same trend across areas in monkeys and humans. LPFC areas stand out by having 2 peaks in the density of neurons centered on layers 2 and 4, consistent with qualitative classic studies and earlier quantitative studies \[[@pbio.2004559.ref034], [@pbio.2004559.ref038], [@pbio.2004559.ref045]\]. The OFC had an intermediate density of neurons, about equally distributed in the infragranular and supragranular layers.

The relative size of pyramidal projection neurons in layers 3 and 5 was also different among PFC areas. A characteristic feature of ACC was the presence of relatively large pyramidal neurons in layer 5, whereas in LPFC the largest neurons were found at the bottom of layer 3 ([Fig 2](#pbio.2004559.g002){ref-type="fig"}). Once again, OFC had a more balanced appearance with slightly larger neurons in infragranular layer 5.

We then studied myelin in the gray matter, which coats a large number of axons in the primate cortex. First used in classic studies, myelin is an extremely useful feature for delineating architectonic areas, including the often misunderstood primary motor cortex (M1) in primates, which is heavily myelinated, as are other eulaminate areas \[[@pbio.2004559.ref043]\]. In addition, myelin may be used to detect differences across cortical regions in the living human brain by imaging \[[@pbio.2004559.ref060]\]. We also studied the density of oligodendrocytes, which myelinate axons.

The least myelinated areas were within the ACC, and the most myelinated areas were within LPFC, with OFC areas showing a pattern between the 2 extremes (Figs [5](#pbio.2004559.g005){ref-type="fig"} and [6](#pbio.2004559.g006){ref-type="fig"}). Quantitative analysis showed that myelin density was highly and positively correlated with the laminar density of oligodendroglia in both species ([Fig 6](#pbio.2004559.g006){ref-type="fig"}; R^2^ = 0.56), consistent with the role of oligodendroglia in myelinating axons. There were no significant differences in the myeloarchitecture of PFC in monkeys and humans, so the following description applies to both. Optical density measurements of the gray matter level index showed that myelin was relatively high in layer 1 and the transition from layer 5 to layer 6 and to the white matter in all areas examined ([Fig 6](#pbio.2004559.g006){ref-type="fig"}). ACC area 25 had overall the lowest levels of myelin staining among the areas examined. Human PFC areas had overall higher oligodendrocyte density compared to rhesus macaques (Figs [3](#pbio.2004559.g003){ref-type="fig"} and [6](#pbio.2004559.g006){ref-type="fig"}).

![Distinct laminar myeloarchitecture of limbic and eulaminate areas of the human and rhesus monkey prefrontal cortex (PFC).\
(A--D) Photomicrographs of coronal sections from areas 25, 32, 13, and 46 of the human brain stained with the Gallyas technique for myelin. (E--H) Photomicrographs of coronal sections from similar levels of areas 25, 32, orbital proisocortex (OPro), and 46 of the rhesus macaque brain stained with the Gallyas technique for myelin. Small sketches under each panel show medial, lateral, and orbital views of the brain surface and the level of each coronal section. The sketches also show PFC areas with the lowest (black, agranular) and highest (lightest gray, eulaminate) laminar elaboration. There is a progressive increase of intracortical myelin from anterior cingulate cortex (ACC) to orbitofrontal cortex (OFC) to lateral prefrontal cortex (LPFC). ACC area 32 had slightly higher myelin levels compared to area 25, with a plexus of horizontal and vertical arrays of myelinated axons prominent in layers 4--6. The OFC had intermediate-to-high levels of myelin content, with a dense plexus of horizontal, vertical, and diagonal arrays of myelinated axons reaching layer 3. LPFC had the highest density of myelinated axons, with well-defined, dense columnar arrays of myelinated axons that reached layer 2. Human OFC area 13 is structurally similar to OFC area orbital proisocortex (OPro) in rhesus macaques. Abbreviations: DWM, deep white matter; SWM, superficial white matter. Red numbers indicate cortical layers. The calibration bar in panel A applies to panels A--D. The calibration bar in panel E applies to panels E--H.](pbio.2004559.g005){#pbio.2004559.g005}

![The laminar density of oligodendrocytes parallels the myelin content in limbic and eulaminate areas.\
(A--C) Human prefrontal cortex (PFC). (D--F) Rhesus monkey PFC. The relative laminar density of oligodendrocytes in panels A and D was estimated as the average density of oligodendrocytes in each layer divided by the volume (mm^3^) of all layers within a cortical gray matter column. Most oligodendrocytes are found in deep layers 5 and 6. The packing laminar density of oligodendrocytes in panels B and E was estimated as the average density of oligodendrocytes in each layer divided by the volume (mm^3^) of that layer. Oligodendrocytes are densely packed in layers 4--6 in all areas. The mean gray level index of myelin through the depth of the cortex also shows this trend in humans (C) and monkeys (F). Myelin content increased towards the white matter in the 4 areas. All values are mean ± standard error. Red, lateral prefrontal cortex (LPFC) area 46; gray, orbitofrontal cortex (OFC) area 13/orbital proisocortex (OPro); green, anterior cingulate cortex (ACC) area 32; blue, ACC area 25. Abbreviations: DWM, deep white matter; SWM, superficial white matter. The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g006){#pbio.2004559.g006}

White matter architecture revealed common trends in monkeys and humans {#sec004}
----------------------------------------------------------------------

The above analyses revealed that humans and rhesus monkeys show common trends in the cytoarchitecture and myeloarchitecture of the gray matter across prefrontal areas. We then addressed whether this pattern extends to the architecture of axons beneath the areas studied in the 2 species. The significance of this analysis is based on the fact that axons make up pathways that connect cortical areas. We thus systematically examined the density and thickness of individual myelinated axons in ultrathin sections of the white matter beneath ACC, OFC, and LPFC at very high resolution with an electron microscope (EM). Myelinated axons made up about 50% of the white matter beneath the areas studied (range: 35%--60%). The remaining space was taken up primarily by unmyelinated axons and glia, especially oligodendrocytes.

As shown in [Fig 7](#pbio.2004559.g007){ref-type="fig"}, there was a striking positive correlation between the density of neurons in the overlying gray matter and the density of myelinated axons in the white matter. Significantly, in both humans and monkeys, we found a gradually increasing trend from ACC to OFC to LPFC in the density of myelinated axons in the white matter and neurons in the gray matter (R^2^ = 0.8, monkey; R^2^ = 0.96, human).

![Consistent relationship of gray and white matter architecture.\
Neuron density in the prefrontal cortex (PFC) gray matter is increased in parallel to the density of myelinated axons in the white matter (including superficial white matter \[SWM\] and deep white matter \[DWM\]). The density of myelinated axons in the white matter and neurons in the gray matter gradually increased from anterior cingulate cortex (ACC) to orbitofrontal cortex (OFC) to lateral prefrontal cortex (LPFC) in both species (positive correlation R^2^ = 0.78, monkey; R^2^ = 0.99, human). Average values ± standard error are shown. Blue line and diamonds, human; red dotted line and triangles, rhesus monkey. The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g007){#pbio.2004559.g007}

We next probed additional axon features in the white matter, in view of the fact that axons vary in thickness, a feature that affects axon dynamics, including the well-known differences in conduction velocity of neural impulses \[[@pbio.2004559.ref061], [@pbio.2004559.ref062]\]. Axon diameters below prefrontal areas ranged between 0.1--7 μm, in line with previous studies in human and macaque cortex \[[@pbio.2004559.ref063]--[@pbio.2004559.ref066]\]. The thickness of axons overlapped extensively but extended further within the large end of the spectrum in the human PFC (0.1--7 μm) than in rhesus macaques (0.1--5 μm; [Fig 8A--8D](#pbio.2004559.g008){ref-type="fig"}). The finding of thicker axons in humans is consistent with the greater distances that axons must travel in the larger human brain, as well as the size of neurons in the 2 species.

![Architecture of myelinated axons in the white matter of the rhesus monkey and human prefrontal cortex (PFC).\
(A) Electron microscope (EM) photomicrograph of axon profiles in the superficial white matter below the anterior cingulate cortex (ACC) of a rhesus macaque. Two oligodendrocytes (O) and an astrocyte (A) are also visible. (B) EM photomicrograph of axon profiles in the superficial white matter below the ACC of an adult human. An oligodendrocyte (O) is also visible. (C) High magnification of an EM photomicrograph with circular and elongated profiles of axons color-coded according to their thickness (cyan, thin axons; magenta, medium axons; yellow, thick axons; green, extra-large axons). (D) Cluster analysis segregated axons into 4 groups based on their outer diameter (including myelin). Human axons were on average thicker than axons in rhesus monkeys. The graph shows size ranges (mean ± minimum and maximum diameter) for each axon size group. (E) G-ratio plot (inner/outer axon diameter ± standard error) in all areas and species examined. The average g-ratio of all axons in both species was near the optimal value (approximately 0.6). Thicker axons had larger g-ratio values compared to thinner axons. In panels D and E: blue line and diamonds, human; red dotted line and triangles, rhesus monkey. Abbreviations: SWM, superficial white matter. The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g008){#pbio.2004559.g008}

As shown in [Fig 8E](#pbio.2004559.g008){ref-type="fig"}, there was a positive linear correlation between the thickness of axons and the thickness of their myelin sheath. This finding is consistent with the classic relationship of the inner to outer diameter of axons, known as the g-ratio, which is an indicator of the efficiency of conduction velocity and neurotransmission. In all areas, the g-ratio increased significantly with axon size. In both species, the average g-ratio of axons was near the optimal average value (approximately 0.6).

We then used cluster analysis to segregate axons into 4 groups by thickness ([Fig 8C and 8D](#pbio.2004559.g008){ref-type="fig"}), based on their outer diameters, which included the myelin sheath. Cluster analysis was conducted separately for monkeys and humans because of the differences in the thickness of axons between the 2 species. The cluster analysis separated axons in macaque monkeys into thin (0.1--0.49 μm), medium (0.5--0.86 μ m), thick (0.87--1.4 μm), and extra-large (larger than 1.4 μm) axons. In humans, cluster analysis similarly grouped axons into thin (0.1--0.83 μm), medium (0.84--1.51 μm), thick (1.52--2.65 μm), and extra-large (larger than 2.65 μm).

Differentiating short- and long-range prefrontal pathways by axon thickness {#sec005}
---------------------------------------------------------------------------

In both humans and monkeys, thin and medium axons were the most numerous. Thick or extra-large axons constituted fewer than 30% of all axons beneath all PFC areas ([Fig 9](#pbio.2004559.g009){ref-type="fig"}).

![Fingerprints of areas based on structural features of axons in the white matter and their relative density identify distinct prefrontal areas in the rhesus monkey and human prefrontal cortex (PFC).\
(A--F) Fingerprint plots of the superficial white matter (SWM) and deep white matter (DWM) below anterior cingulate cortex (ACC) area 32, orbitofrontal cortex (OFC) area 13/ orbital proisocortex (OPro), and lateral prefrontal cortex (LPFC) area 46. \*Significant differences between species (*p* \< 0.05). The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g009){#pbio.2004559.g009}

The relative position of axons within the white matter and overall diameter are also indicators of their termination in nearby or distant brain areas. Thus, thin axons in the outer white matter, near cortical layer 6, link nearby areas. This is consistent with 2 structural principles. First, as axons approximate their destination to innervate the cortex, they split into thinner terminal axons, akin to the thickness of the human forearm in comparison with the fingers. Second, fibers that link nearby areas follow the shortest route to their cortical destination within the superficial white matter, consistent with the principle of economy of wiring \[[@pbio.2004559.ref067], [@pbio.2004559.ref068]\]. By extension, thicker axons dive through the deep white matter as they travel to farther destinations \[[@pbio.2004559.ref061], [@pbio.2004559.ref069]\].

We used all structural parameters of axons to create unique fingerprints of the white matter in humans and monkeys for the 3 prefrontal regions, and the results are seen in [Fig 9](#pbio.2004559.g009){ref-type="fig"}. The superficial white matter (SWM), which extended about 2 mm below layer 6, had relatively more thin axons compared to the deep white matter (DWM), which had relatively thicker axons in all areas and in both species.

As seen in the fingerprint diagrams, the similarities between the 2 species outnumber the differences, which were restricted to the outer diameter of axons in all areas, as well as myelin thickness across all areas except for LPFC ([Fig 9](#pbio.2004559.g009){ref-type="fig"}; asterisks show statistically significant differences between humans and monkeys). Another species difference was in the SWM below ACC, which had a higher proportion of thin axons in rhesus monkeys than in humans ([Fig 9A](#pbio.2004559.g009){ref-type="fig"}, lower asterisk).

In both species, the ACC and, to a lesser extent, the OFC had relatively more medium and thin axons compared to LPFC, especially in the superficial parts of the white matter, which contain mainly short- and medium-range pathways ([Fig 9](#pbio.2004559.g009){ref-type="fig"}). In contrast, below LPFC there were relatively more thick to extra-large axons, especially in the DWM, which contains long-distance pathways ([Fig 9](#pbio.2004559.g009){ref-type="fig"}). It should be noted that the SWM contains some thick axons as well, since pathways destined to travel over long distances must pass through the SWM in order to enter the DWM. The SWM also contains U-shaped fibers that connect neighboring gyri \[[@pbio.2004559.ref028], [@pbio.2004559.ref070]\], though these appear to be sparser than previously thought \[[@pbio.2004559.ref071]\].

Gray and white matter architecture is a sensitive indicator of interspecies and interareal similarities and differences {#sec006}
-----------------------------------------------------------------------------------------------------------------------

To assess interspecies and interareal similarities and differences, we used hierarchical cluster analysis and subsequent multidimensional scaling of 34 features derived from brightfield analysis and 12 feature dimensions from EM analysis (see [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"} for data features used). This analysis made it possible to project high-dimensional data into a 2-dimensional space. The distance between data points reflects the similarity/dissimilarity of areas. Analyses revealed a clear separation of ACC, OFC, and LPFC areas in each species, based on cellular and axon features of the gray and white cortical matter. The separation of regions was strikingly similar in the 2 species ([Fig 10A and 10B](#pbio.2004559.g010){ref-type="fig"}). The stress was low, indicating that the low-dimensional representation accurately captured the relationships between areas. The nonmetric multidimensional scaling (NMDS) analysis shows that for both species, there is a gradient from dysgranular to eulaminate cortices. Trends for the monkey and human regions were parallel but separated, indicating that the feature set also reflects species-level differences.

![Profile of prefrontal areas based on the gray matter cellular architecture and white matter axon features.\
(A) Nonmetric multidimensional scaling (NMDS) analysis, based on 34 gray matter architectonic features measured at the light microscope (brightfield), showed a clear separation of 3 prefrontal regions (anterior cingulate cortex \[ACC\], orbitofrontal cortex \[OFC\], and lateral prefrontal cortex \[LPFC\]) in each species (human: h, blue; monkey: m, red) but also revealed a clear separation of the 2 species. Importantly, the same analysis showed that separation of ACC, OFC, and LPFC followed the same pattern across the 2 species. (B) NMDS analysis based on 12 superficial (SWM) and deep (DWM) white matter architectonic features of myelinated axons measured at the electron microscope (EM) showed again a clear separation of 3 prefrontal regions (ACC, OFC, and LPFC) in each species (human: h, blue; monkey: m, red) and a clear separation of the 2 species. Importantly, this analysis also showed that separation of ACC, OFC, and LPFC followed the same pattern across species, with the DWM vector appearing on top of the SWM vector for each area. (C--E) Regression analysis of the log-transformed brightfield feature set for ACC (C), OFC (D), and LPFC (E) showed high correlation between human and rhesus monkey gray matter architecture. (F--K) Regression analysis of the log-transformed EM feature set for ACC (F, G), OFC (H, I), and LPFC (J, K) showed high correlation between human and rhesus monkey SWM and DWM white matter architecture. The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g010){#pbio.2004559.g010}

We also examined whether feature sets of each region between species were correlated. Because the estimated variables in the brightfield and EM feature sets of each region included values that varied considerably in scale (e.g., neuron density in tens or hundreds of thousands and myelin optical density from 0 to 255), we log-transformed the data and then regressed the monkey feature set onto the human feature set for each area. The R-squared values were high, indicating high correlation between the monkey and human feature sets for each PFC region for architectonic gray matter data obtained using brightfield microscopy ([Fig 10C--10E](#pbio.2004559.g010){ref-type="fig"}) and white matter data obtained with EM ([Fig 10F--10K](#pbio.2004559.g010){ref-type="fig"}).

White matter axon features reflect PFC connectivity {#sec007}
---------------------------------------------------

The above analysis established that rhesus monkeys and humans show similar trends in the architecture of axons below distinct prefrontal regions. We then investigated whether axon features can be used to infer connectivity. This was accomplished by comparing the high-resolution EM data on the relative ratio of thin and thick white matter axons in humans and monkeys with connectivity data for ACC, OFC, and LPFC areas in monkeys. Monosynaptic connections were studied at high resolution using tract tracing in monkeys. We used available data on projection neurons throughout the cortex that are directed to ACC, OFC, and LPFC areas in rhesus monkeys to compare directly with axon features. We expressed labeled projection neurons as the relative ratio of short/medium-range versus long-range cortical connections (*N* = 11 animals, 12 tracer injections; 6, female), based on the distances of interconnected areas. Short/medium-range cortical connections of ACC, OFC, and LPFC were restricted within the frontal lobe; long-range axons linked prefrontal areas with temporal, parietal, and occipital cortices; the results are shown in [Fig 11](#pbio.2004559.g011){ref-type="fig"}. All areas had overall more local (within the frontal lobe) than distant connections. However, the relative proportion of short-range versus long-range connections for each region was significantly different such that LPFC made more long-range connections than ACC ([Fig 11C and 11E](#pbio.2004559.g011){ref-type="fig"}). As in the other analyses (above), OFC showed intermediate features with values between the other 2 PFC regions (not shown). These relative ratios closely resembled the EM data that included all axons in the white matter below ACC, OFC, and LPFC, placing thin axons in short/medium-range pathways and thick axons in long-range pathways ([Fig 11B and 11C](#pbio.2004559.g011){ref-type="fig"}).

![Density of thin and thick axons in the prefrontal cortex (PFC) white matter reflects short-range and long-range connectivity between areas of similar or different structure.\
(A) Relative ratio of thin to thick axons in human anterior cingulate cortex (ACC) and lateral prefrontal cortex (LPFC) based on the study of axons in the white matter at the electron microscope (EM) (thin/thick axons ± SE in ACC, 92/8 ± 1%; in orbitofrontal cortex \[OFC\], 86/14 ± 2%, not shown; and in LPFC: 85/15 ± 3%). (B) Relative ratio of thin to thick axons in rhesus macaque ACC and LPFC based on the study of axons in the white matter at the EM (thin/thick axons ± SE in ACC, 89/11 ± 2%; in OFC, 86/14 ± 2%, not shown; and in LPFC: 71/29 ± 0.4%). (C) Relative ratio of short-range to long-range connections in rhesus macaque ACC and LPFC, based on tract-tracing studies of ipsilateral corticocortical connections labeled with neural tracers (short-range/long-range connections ± SE in ACC: 90/10 ± 3%; in OFC, 87/13 ± 4%, not shown; and in LPFC: 80/20 ± 4%). (D) Relative ratio of connections with similar or different types of cortices in rhesus macaque ACC and LPFC, based on tract-tracing studies of ipsilateral corticocortical connections labeled with neural tracers (similar/different cortical type connections ± SE in ACC, 92/8 ± 2.4%; in OFC, 87/13 ± 1.6%, not shown; and in LPFC: 84/16 ± 3%). (E) Lateral (left), medial (center), and orbital (right) surface heat maps of the rhesus macaque brain show the relative strength of connections of LPFC (top) and ACC (bottom) with other nearby (frontal) or distant (temporal, parietal, and occipital) cortices. The maps are based on extensive quantitative data from tract-tracing studies with neural tracers. The frontal lobe that includes short/medium-range pathways is shaded in light gray and is separated from other lobes with a dotted line. (F--H) Matrices of the relative strength of the connections of ACC (F), OFC (G), and LPFC (H) with nearby or distant cortical areas of similar or different type. Frontal areas are grouped as nearby, and temporal and occipito/parietal areas are grouped as distant. We used 3 structural types for this analysis: agranular (no layer 4), dysgranular (thin layer 4), and eulaminate (6 well-delineated layers, thick layer 4). Analyses showed that all PFC cortices are primarily connected with nearby cortices of similar structural type. LPFC had relatively more connections with distant cortices of similar type compared to ACC. The tract-tracing connectional data paralleled the EM data from the study of the thickness and density of white matter axons below the areas studied and suggested that in monkeys and humans thin axons primarily link nearby areas of similar structural type through robust connections, while thick axons participate in long-distance connections. ACC, shades of green and dotted lines; OFC, shades of brown; and LPFC, shades of purple and purple solid lines. Asterisks indicate significant differences (1-way ANOVA). Abbreviations: Ins, Insula; OPAll, orbital periallocortex; OPro, orbital proisocortex; Pro M, motor proisocortex; PE, posterior parietal area PE; PEc, posterior parietal area PEc; PGm, posterior parietal area PGm; PO, parietoccipital area; PreSMA, pre supplementary motor area; ProStr, area prostriata; TE, inferior temporal area; TH/TF, parahippocampal areas; TPro, temporal proisocortex; Tpt, temporoparietal area; Ts1, superior temporal area 1; Ts2, superior temporal area 2; Ts3, superior temporal area 3; V2, visual area 2; V4, visual area 4. The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g011){#pbio.2004559.g011}

Our findings of systematic trends in the architecture of the cortex confirm and extend classical architectonic studies and, importantly, provide novel findings on the architecture of the white matter beneath the cortex. An important principle is that the architectonic differences in the cortex are systematic and connections are predicated on the relationship of the laminar structure (cortical type) of the linked areas, according to the structural model for connections (reviewed in \[[@pbio.2004559.ref021]\]). Moreover, the principle of the relationship of cortical type and connections transcends the model of cortical connectivity based on the distance between areas \[[@pbio.2004559.ref004], [@pbio.2004559.ref072]\], as illustrated by the fact that some distant areas of similar cortical type are strongly interconnected \[[@pbio.2004559.ref050], [@pbio.2004559.ref073]--[@pbio.2004559.ref075]\]. We thus expressed the relative number of labeled projection neurons from the above analysis as the relative ratio of connections of areas with similar or different structural types. We grouped cortical areas into 3 major, well-established structural types that are widely and consistently used in the literature: agranular, dysgranular, and eulaminate (for reviews, see \[[@pbio.2004559.ref076], [@pbio.2004559.ref077]\]). Results showed that the limbic ACC and posterior OFC areas were primarily connected with other dysgranular cortices, whereas LPFC areas were primarily connected with other eulaminate areas ([Fig 11D](#pbio.2004559.g011){ref-type="fig"}). The relative ratios of connections grouped by structural type closely resembled the EM data that included all axons in the white matter below PFC areas, placing thinner axons in pathways that connect mostly neighboring areas of similar type ([Fig 11B and 11D](#pbio.2004559.g011){ref-type="fig"}); this finding is consistent with the principle of systematic variation of areas across the cortical mantle (reviewed in \[[@pbio.2004559.ref021]\]).

The relationship of thin and thick axons in the white matter of human PFC showed the same trend as in monkeys, with overwhelming predominance of thin compared to thick axons. As was the case in rhesus macaques, human ACC had relatively more thin axons compared to LPFC ([Fig 11A](#pbio.2004559.g011){ref-type="fig"}), while OFC showed intermediate levels.

We then used the rich tract-tracing connectivity database in rhesus macaques to quantitatively map the strength of ACC, OFC, and LPFC connections in relation to the distance between linked areas, in order to identify short- and long-distance connections, and classify them also by the structural type of interconnected cortices ([Fig 11E--11H](#pbio.2004559.g011){ref-type="fig"}). This analysis revealed that areas within all 3 PFC regions were primarily connected with nearby cortices of similar type. In addition, LPFC, in particular, had relatively more distant connections with areas of similar type, compared to ACC.

Axon features differentiate pathways in ASD compared to control human brains {#sec008}
----------------------------------------------------------------------------

The findings in ACC were of particular interest in view of our previous data, which showed that individuals with ASD had significantly more thin axons in the SWM and fewer thick axons in the DWM below ACC \[[@pbio.2004559.ref064]\]. We used the expanded dataset of neurotypical-control subjects in this study (*N*~CTR~ = 6, [Table 3](#pbio.2004559.t003){ref-type="table"} shows subjects used in EM study of white matter), which contained axons from the portion of area 32 anterior to the corpus callosum that precisely matched the ACC white matter region studied earlier \[[@pbio.2004559.ref064]\], and compared axon features in the brain of adults with ASD (*N*~ASD~ = 5, [Table 3](#pbio.2004559.t003){ref-type="table"}). For this analysis we used the outer diameter of axons, which takes into account the myelin sheath, and parcellated the population of thin and thick axons based on the cluster analysis from the expanded control dataset. In agreement with our previous report, the brains from adults with ASD had significantly more thin axons and fewer thick axons in the white matter below ACC area 32 ([Fig 12A](#pbio.2004559.g012){ref-type="fig"}). The addition of control subjects in the expanded dataset increased the power of the analysis and showed that the differences between control and ASD subjects were pronounced. Moreover, the changes in white matter axons in ASD could be reliably detected within the entire population of axons and throughout the entire white matter below ACC ([Fig 12A and 12B](#pbio.2004559.g012){ref-type="fig"}).

![Changes in axons below the anterior cingulate cortex (ACC) and the lateral prefrontal cortex (LPFC) in autism spectrum disorder (ASD) point to a disruption of key prefrontal circuits and networks.\
(A, B) Superficial white matter (SWM) and deep white matter (DWM). (A) White matter below the ACC in individuals with ASD (orange) had significantly more thin axons and fewer thick axons compared to neurotypical adults (Ctr, green; ratio of thin/thick axons ± SE in Ctr, 92/8 ± 1%; in ASD, 98/2 ± 0.5%). The changes were significant in the entire white matter (SWM and DWM). (B) Frequency distribution of axon sizes in the white matter below the ACC from all control (Ctr, green, stripes) and all ASD (orange) subjects combined also shows the exuberance of thin axons (≤1.5 μm) and the reduction of thick axons (\>1.5 μm) in ASD. (C, D) SWM only: thin/thick axon ratio (C) and frequency distribution (D) of axon sizes in SWM below LPFC parallel changes in ACC, with more thin and fewer thick axons in ASD (orange) compared to control (green) subjects (ratio of thin/thick axons ± SE in Ctr, 85/15 ± 3%; in ASD, 95/5 ± 1%). (E) Lateral (left), medial (center), and orbital (right) surface heat maps of the human brain show cortical regions likely affected in ASD based on predicted ACC and LPFC connectivity and predicted relative strength of connections with other nearby (frontal) or distant (temporal, parietal, and occipital) cortices. Numbers indicate Brodmann's areas. Abbreviations: cc, corpus callosum; EM, electron microscope; Ins, insula; Rh, rhinal cortices; ROI, region of interest; Thal, thalamus. Asterisks in panels A and C indicate significant differences (1-way ANOVA, *N* = 11 subjects; 5 ASD subjects). The numerical data underlying this figure can be found in [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}.](pbio.2004559.g012){#pbio.2004559.g012}

Further, the extended dataset of control subjects additionally revealed, for the first time (to our knowledge), similar changes in the SWM below dorsal LPFC area 46. Thus, area 46 also had significantly more thin axons and fewer thick axons in adults with ASD compared to neurotypical controls ([Fig 12C and 12D](#pbio.2004559.g012){ref-type="fig"}).

It should be noted that some of the additional control subjects we used in this study were older (58--67 years) than other control and ASD subjects (30--50 years, [Table 1](#pbio.2004559.t001){ref-type="table"}). This is important because structural changes in the white matter with aging have been reported---in particular, decreases in axon density and the thickness of the myelin sheath in major pathways of the monkey (reviewed in \[[@pbio.2004559.ref078], [@pbio.2004559.ref079]\]) and human cortex (reviewed in \[[@pbio.2004559.ref080]--[@pbio.2004559.ref083]\]). To assess potential effects of age on estimates of axon size and density, we examined the correlation of all estimated variables between subjects within control and ASD groups, using multivariate analysis of covariance (MANCOVA) with age as a covariate. Age had no effect on the results. Estimated variables from older control subjects were well within the range of values from younger control subjects (see [S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}).

Discussion {#sec009}
==========

Our findings provide direct evidence that the gray and white matter of the human and rhesus monkey PFC vary systematically and in parallel. This novel finding allowed study of short- and long-range connections between structurally similar and dissimilar cortices in rhesus monkeys. The high-resolution data on the gray and white matter architecture and the direct relationship to connections establish a template to study pathways in humans and their disruption in disease, as revealed here for ASD.

Architectonic differences reflect enlargement of the human PFC compared to monkeys {#sec010}
----------------------------------------------------------------------------------

The organization of the PFC appears to be largely preserved in primate evolution, rendering nonhuman primates an invaluable animal-model to study connections in humans \[[@pbio.2004559.ref001], [@pbio.2004559.ref017], [@pbio.2004559.ref019], [@pbio.2004559.ref028]--[@pbio.2004559.ref033], [@pbio.2004559.ref084]\]. The frontal lobe, in particular, has expanded significantly in humans compared to nonhuman primates \[[@pbio.2004559.ref001], [@pbio.2004559.ref031], [@pbio.2004559.ref085]--[@pbio.2004559.ref089]\], accompanied by more and larger neurons, more synapses, and greater complexity in networks \[[@pbio.2004559.ref084], [@pbio.2004559.ref090]--[@pbio.2004559.ref095]\]. Indeed, a notable architectonic difference in PFC between the 2 primate species was the lower neuron density found in the human PFC, leaving more space available for neuronal processes and synapses \[[@pbio.2004559.ref045]\]. Our analyses suggest that the human PFC and, in particular, its limbic components are endowed with high plasticity as well as vulnerability in neurological and psychiatric diseases \[[@pbio.2004559.ref096]--[@pbio.2004559.ref098]\].

The human PFC white matter had overall thicker axons than in monkeys, consistent with the longer distances that pathways must traverse in a larger brain, as also observed in other comparative studies \[[@pbio.2004559.ref001], [@pbio.2004559.ref065], [@pbio.2004559.ref089]\]. The overall enlargement of axons and the thickness of the myelin sheath in human PFC is consistent with the increased density of oligodendroglia \[[@pbio.2004559.ref032], [@pbio.2004559.ref099], [@pbio.2004559.ref100]\] and helps explain the increase in the glia/neuron ratio in human cortex compared to nonhuman primates \[[@pbio.2004559.ref090]\]. These findings thus reveal that in addition to gray matter architecture \[[@pbio.2004559.ref005], [@pbio.2004559.ref024], [@pbio.2004559.ref027], [@pbio.2004559.ref034], [@pbio.2004559.ref053], [@pbio.2004559.ref060], [@pbio.2004559.ref064]\], we can use white matter features to construct unique fingerprints of cortical areas and facilitate their distinction in primates.

Variation in gray and white matter structure follows similar trends in monkeys and humans {#sec011}
-----------------------------------------------------------------------------------------

The relationships among the 3 PFC regions in humans and monkeys followed remarkably similar patterns. Thus, overall density of neurons, oligodendrocytes, and intracortical myelin increased progressively from the limbic ACC and OFC to eulaminate LPFC areas \[[@pbio.2004559.ref034], [@pbio.2004559.ref035], [@pbio.2004559.ref045], [@pbio.2004559.ref064], [@pbio.2004559.ref090], [@pbio.2004559.ref096], [@pbio.2004559.ref101]\]. The gradual increase in laminar elaboration and density of neurons from limbic to eulaminate PFC areas was marked by a parallel increase in the density of myelinated axons in the white matter \[[@pbio.2004559.ref032]\]. In both species, the ACC and the OFC, 2 limbic regions, had relatively more thin and fewer thick axons compared to the LPFC. Parallel analysis of the rhesus macaque connectome showed that ACC and OFC also had denser short/medium-range pathways compared to LPFC, which also had relatively dense long-distance connections. Myelination can accelerate impulse conduction and regulate the timing of communication among local or distant connections \[[@pbio.2004559.ref062]\] and the synchronization of functionally related areas \[[@pbio.2004559.ref065], [@pbio.2004559.ref102]--[@pbio.2004559.ref104]\]. Our findings are thus consistent with a role of limbic ACC areas in networks that process signals at relatively slow speeds, such as pain \[[@pbio.2004559.ref105], [@pbio.2004559.ref106]\]. On the other hand, LPFC areas maintain strong connections with select distant sensory and other association areas implicated in cognitive functions.

Gray and white matter architecture reflects PFC connectivity in primates {#sec012}
------------------------------------------------------------------------

Our findings thus showed a similar architecture in the gray and white matter of human and rhesus monkey ACC, OFC, and LPFC. Moreover, differences in the architecture of the gray and white matter varied systematically and in the same direction in both species. In addition, the gray and white matter architecture accurately reflected the connectivity in macaque monkeys and, by inference, in humans.

These findings are rooted in the general principle of systematic variation in the cortex. This principle is based on strong evidence that architectonic variations in the cortex are not random but systematic \[[@pbio.2004559.ref045]\]. Further, corticocortical connections mirror the systematic architectonic variation, as formulated in the "structural model for connections" \[[@pbio.2004559.ref107], [@pbio.2004559.ref108]\]. According to this model, connections between areas are biased toward a "feedforward" or a "feedback" pattern depending on the (dis)similarities of the architecture between linked areas. The bigger the architectonic differences, the bigger the bias. For example, dysgranular limbic areas, like those of the ACC and the posterior OFC, which have less delineated layers and lower cell density, send mainly feedback projections to eulaminate areas, like those of the LPFC, which have 6 well-defined layers and higher neuron density. These projections originate mainly from the deep layers of ACC or OFC and terminate mostly in the superficial layers of the LPFC \[[@pbio.2004559.ref038], [@pbio.2004559.ref108], [@pbio.2004559.ref109]\]. Projections in the opposite direction, from LPFC to ACC, are feedforward: they originate mostly from the superficial layers and terminate in the middle/deep layers of ACC \[[@pbio.2004559.ref038], [@pbio.2004559.ref108]\]. Connections between areas with similar laminar structure are columnar: they originate in most layers and terminate in all layers, as seen in the connections linking dysgranular ACC and OFC areas \[[@pbio.2004559.ref056]\]. Over the past 20 years, studies have consistently supported this model for ipsilateral and callosal connections among diverse cortices in nonhuman primates (e.g., \[[@pbio.2004559.ref057], [@pbio.2004559.ref073], [@pbio.2004559.ref075], [@pbio.2004559.ref107], [@pbio.2004559.ref108], [@pbio.2004559.ref110]--[@pbio.2004559.ref112]\]) and other species \[[@pbio.2004559.ref113], [@pbio.2004559.ref114]\].

The relative distribution of neurons in different layers in areas that differ in laminar structure (cortical type) is consistent with their predominant projection pattern. For example, the limbic ACC areas have relatively higher density of neurons in the deep layers, their main output layers, and neurons in layer 5 of ACC are bigger than in other layers. In contrast, eulaminate LPFC areas have denser layers 2 and 3, and their biggest neurons are found in layer 3, their predominant output layer to other cortices \[[@pbio.2004559.ref107], [@pbio.2004559.ref108]\].

The present findings further showed that the principle of systematic variation is also embedded in the fine structure and density of myelinated axons in the white matter. The white matter below PFC thus contained mostly thin myelinated axons and few thick axons, consistent with their connections being primarily with neighboring frontal areas \[[@pbio.2004559.ref001], [@pbio.2004559.ref064], [@pbio.2004559.ref065], [@pbio.2004559.ref115]\], in line with previous studies \[[@pbio.2004559.ref065], [@pbio.2004559.ref116]\]. This finding is also consistent with the observation that nearby areas tend to be strongly interconnected, forming "rich club" hubs that attract and disperse communication paths \[[@pbio.2004559.ref067], [@pbio.2004559.ref117]\].

Further, our results revealed that the relative ratio of thin to thick axons in the white matter below primate PFC (and by extension connections) is associated with a more fundamental principle than proximity---namely, cortical type. This principle most parsimoniously explains why both nearby as well as distant areas can be strongly connected \[[@pbio.2004559.ref050], [@pbio.2004559.ref057], [@pbio.2004559.ref073]--[@pbio.2004559.ref075], [@pbio.2004559.ref108], [@pbio.2004559.ref118]\]. Consequently, areas that are robustly interconnected, whether they are neighbors or not, are more likely to have comparable overall laminar structure. By probing the organization of the components of the white matter, our findings now also differentiate between short/medium-range from long-distance pathways. Short/medium-range pathways connect nearby areas, as verified in the connections in monkeys and supported by the prevalence of thin myelinated axons in the SWM. On the other hand, long-range pathways that must travel in the DWM contain thicker axons, as shown by the preponderance of thick axons below LPFC, in accord with its strong connections with distant parietal, temporal, and occipital areas. These findings are in line with recent imaging studies that use MRI and diffusion-weighted tractography methods to map the human and monkey cortex based on the relationship of whole-brain white matter connectivity with macroscopic structural features, like T1- and T2-based intracortical myelin content, or the correlated activity of areas during rest, unimodal, and transmodal functions \[[@pbio.2004559.ref003], [@pbio.2004559.ref005], [@pbio.2004559.ref024], [@pbio.2004559.ref119]--[@pbio.2004559.ref121]\].

White matter axon features reveal disrupted neural pathways in ASD {#sec013}
------------------------------------------------------------------

The regularity and similarity in the structure of the gray and white matter in the PFC of primates suggests that architectonic information can be used to predict the strength and laminar pattern of connections in humans. While invasive procedures for the detailed study of connections are precluded in humans, the architecture can be studied in postmortem brain tissue \[[@pbio.2004559.ref063], [@pbio.2004559.ref064]\], as in this study. Based on the similarities and functional data for ACC, OFC, and LPFC areas \[[@pbio.2004559.ref122]--[@pbio.2004559.ref124]\], we predict that these cortical regions will have a similar pattern of connections in humans as in rhesus macaques \[[@pbio.2004559.ref039], [@pbio.2004559.ref056], [@pbio.2004559.ref107], [@pbio.2004559.ref109]\], which awaits further test in future studies.

Our findings have significant implications for the status of the architecture and, consequently, for connections in neurological and psychiatric disorders and suggest that parallel gray and white matter changes may reflect common pathological mechanisms, in line with other imaging and neuropathological studies \[[@pbio.2004559.ref063], [@pbio.2004559.ref125]--[@pbio.2004559.ref128]\]. The PFC, in particular, is consistently affected in ASD, along with the processes of attention, social interactions, emotions, and executive control \[[@pbio.2004559.ref036], [@pbio.2004559.ref097], [@pbio.2004559.ref129]--[@pbio.2004559.ref132]\]. Prefrontal pathways are structurally and functionally disorganized in autism, exhibiting local overconnectivity and long-distance disconnection \[[@pbio.2004559.ref063], [@pbio.2004559.ref064], [@pbio.2004559.ref133]--[@pbio.2004559.ref141]\]. Our findings of more thin than thick axons in the PFC of individuals with ASD support the hypothesis that PFC is "talking to itself" in autism \[[@pbio.2004559.ref132]\]. The disruption appears to be particularly extensive below ACC, with an exuberance of thin axons (typically found in short-range pathways) and a decrease in thick axons (typically found in long-range pathways).

Our analyses of the architectonic profile of the primate PFC and connectome delineate the preponderant pathways linking PFC with other areas ([Fig 12E](#pbio.2004559.g012){ref-type="fig"}). In the case of dysgranular ACC areas, these networks include strong columnar connections with nearby medial PFC and OFC, as well as relatively weaker long-range connections with similarly dysgranular rhinal, temporal, posterior cingulate, and prostriate visual cortices \[[@pbio.2004559.ref014], [@pbio.2004559.ref050], [@pbio.2004559.ref056], [@pbio.2004559.ref073]--[@pbio.2004559.ref075], [@pbio.2004559.ref111], [@pbio.2004559.ref142], [@pbio.2004559.ref143]\]. In the case of eulaminate LPFC, these networks include strong columnar connections with nearby PFC, as well as moderate/strong long-range connections with eulaminate lateral parietal, superior temporal, and occipital cortices \[[@pbio.2004559.ref057], [@pbio.2004559.ref073], [@pbio.2004559.ref144]\].

On the other hand, in connections between structurally dissimilar cortices, our results highlight the potential significance of robust short-range connections between dysgranular ACC and eulaminate LPFC areas \[[@pbio.2004559.ref038], [@pbio.2004559.ref145], [@pbio.2004559.ref146]\]. In rhesus macaques, for example, excitatory axons from ACC send feedback pathways that mostly target the superficial layers of LPFC. When these pathways form synapses with inhibitory neurons in LPFC, they innervate preferentially inhibitory neurons that have modulatory effects on pyramidal neurons \[[@pbio.2004559.ref109]\] and likely increase the signal-to-noise ratio and facilitate focused attention on a task \[[@pbio.2004559.ref147]\]. The exuberance of thin axons in the white matter below ACC and the SWM below LPFC in ASD could underlie behavioral challenges typical of autism, like excessive focus and inability to shift attention when necessary. Our findings support a potential disruption of mechanisms that rely on a fine balance of excitation and inhibition in the PFC and are consistent with atypical ACC and LPFC activation in ASD \[[@pbio.2004559.ref135], [@pbio.2004559.ref148], [@pbio.2004559.ref149]\], including desynchronized and reduced activity during working memory tasks (\[[@pbio.2004559.ref137], [@pbio.2004559.ref150]\]; reviewed in \[[@pbio.2004559.ref151]\]).

In conclusion, our findings provide the basis to relate data from invasive neuroanatomical tract-tracing studies in a nonhuman primate model, the rhesus monkey, to neuroanatomical, histopathological, or noninvasive imaging studies in humans. This analysis is a prerequisite for understanding brain function and disruption in neuropathology and for identification of potential regions for intervention in disease. Our approach establishes a framework of structural principles based on detailed high-resolution quantitative findings that complement a large body of data on the cortical architecture in human \[[@pbio.2004559.ref035], [@pbio.2004559.ref045], [@pbio.2004559.ref064]\] and nonhuman primates \[[@pbio.2004559.ref034], [@pbio.2004559.ref038], [@pbio.2004559.ref107], [@pbio.2004559.ref108]\] and connections of prefrontal areas \[[@pbio.2004559.ref014], [@pbio.2004559.ref057], [@pbio.2004559.ref075], [@pbio.2004559.ref107], [@pbio.2004559.ref108], [@pbio.2004559.ref110]\]. Application of these principles makes it possible to study and model functionally relevant cortical circuits at an exquisite level of refinement in humans, as exemplified by the study of prefrontal networks, and their consistent disruption in disorders like ASD.

Materials and methods {#sec014}
=====================

Experimental design {#sec015}
-------------------

We used prefrontal postmortem brain tissue from neurotypical adult humans (*N* = 8, female: 3) and rhesus monkeys (*Macaca mulatta*; *N* = 25, female: 12; Tables [1](#pbio.2004559.t001){ref-type="table"}--[3](#pbio.2004559.t003){ref-type="table"}). We quantitatively studied the cyto- and myeloarchitecture of the gray and white matter of ACC (areas 25 and 32), OFC (areas 13 and OPro), and LPFC (areas 46 and 8), at high resolution, using brightfield and electron microscopy ([Fig 1](#pbio.2004559.g001){ref-type="fig"}). We then quantitatively characterized cellular and axonal structures and densities to distinguish PFC areas within and across species. We used these data to compare and correlate structural features of short- and long-range pathways between areas of similar or different structure with connectivity data from quantitative tract-tracing studies in rhesus macaques. Finally, using this framework that links the structure of cortical areas with their connections, we compared PFC white matter organization and connectivity between neurotypical adults (*N* = 6, female: 3) and individuals with ASD (*N* = 5, female: 1), to study short- and long-range ACC and LPFC pathways with structurally similar or different cortices. [Table 3](#pbio.2004559.t003){ref-type="table"} shows the human subjects and rhesus monkeys used in each type of experiment and analysis. Data of individual human subjects and rhesus monkeys are included in the Supporting Information ([S1 Data](#pbio.2004559.s001){ref-type="supplementary-material"}).

Human postmortem brain and tissue preparation {#sec016}
---------------------------------------------

We used coronal PFC sections from formalin-fixed postmortem brain tissue of neurotypical adults and individuals with ASD. Brain tissue was obtained from the Harvard Brain Tissue Resource Center through the Autism Tissue Program and Anatomy Gifts Registry. The study was approved by the Institutional Review Board of Boston University. Human subjects were matched as closely as possible based on tissue availability. Brain tissue from all 8 neurotypical (control) subjects was processed and used for quantitative light microscopic analysis. Brain tissue from 6 of these subjects (3 female subjects) was processed and used for quantitative electron microscopic analysis ([Table 3](#pbio.2004559.t003){ref-type="table"}). Two control subjects (HBJ and HBK) were not used for EM because of suboptimal tissue quality. The diagnosis of autism was based on the Autism Diagnostic Interview--Revised (ADI-R). Some subjects from individuals with ASD were diagnosed with seizure disorder (subject AN 08792), depression (subject AN 18892), and schizophrenia (subject AN 06746). Results from the analysis of the features of axons in these and the female subjects (HAW, B-5353, B-6004, and AN-07770) did not differ from other subjects within each group, in this and other studies that used tissue from the same subjects \[[@pbio.2004559.ref064], [@pbio.2004559.ref152], [@pbio.2004559.ref153]\]. Clinical characteristics, including ADI-R scores, and other data of human subjects and the experiments they were used for are summarized in Tables [1](#pbio.2004559.t001){ref-type="table"} and [3](#pbio.2004559.t003){ref-type="table"} and [S1 Table](#pbio.2004559.s002){ref-type="supplementary-material"}.

Coronal PFC blocks were matched ([Fig 1A](#pbio.2004559.g001){ref-type="fig"}) based on human brain atlases \[[@pbio.2004559.ref044], [@pbio.2004559.ref154]\] and additional cytoarchitectonic studies of human PFC \[[@pbio.2004559.ref035], [@pbio.2004559.ref045], [@pbio.2004559.ref059]\]. We postfixed tissue in 2% paraformaldehyde and 2.5% glutaraldehyde, in 0.1 M phosphate buffer (PB, pH: 7.4) for 2--4 days at 4 °C. To preserve the ultrastructure until processing, tissue blocks were cryoprotected in 25% sucrose solution and then immersed in antifreeze solution (30% ethylene glycol, 30% glycerol, 40% 0.05 M PB, pH: 7.4 with 0.05% azide) and stored at −20 °C. Tissue blocks were then rinsed in 0.1 M PB and cut coronally in 50-μm-thick sections on a vibratome (Pelco, series 1000) or frozen in −70 °C isopentane and cut in a cryostat (CM 1500, Leica) in the coronal plane at 20--50 μm in 10 series of free-floating sections. Sections used for histological stains were mounted on chrome-alum gelatin--coated slides.

Animals, surgery, tracer injections, and tissue preparation {#sec017}
-----------------------------------------------------------

We used archival postmortem rhesus monkey (*M*. *mulatta*) brain tissue for architectonic and pathway analyses (Tables [2](#pbio.2004559.t002){ref-type="table"} and [3](#pbio.2004559.t003){ref-type="table"} and [S2 Table](#pbio.2004559.s003){ref-type="supplementary-material"}). We used 12 tracer injections and data plots from 11 rhesus monkeys to study the cortical connections of ACC (*N* = 4), OFC (*N* = 4), and LPFC (*N* = 4) through tract tracing. Tracer injection sites and quantification of projection neurons have been described in detail in previous studies and will be briefly described here (\[[@pbio.2004559.ref014], [@pbio.2004559.ref056], [@pbio.2004559.ref057], [@pbio.2004559.ref073], [@pbio.2004559.ref075], [@pbio.2004559.ref108]--[@pbio.2004559.ref112], [@pbio.2004559.ref143], [@pbio.2004559.ref155]--[@pbio.2004559.ref161]\]; see [S2 Table](#pbio.2004559.s003){ref-type="supplementary-material"} for a detailed list of relevant quantitative studies). The available rhesus monkeys were young adult animals, obtained from the New England Primate Research Center. Procedures were designed to minimize animal suffering and reduce the number of animals used. Detailed protocols of the procedures were approved by the Institutional Animal Care and Use Committee at Harvard Medical School and Boston University School of Medicine in accordance with NIH guidelines (DHEW Publication no. \[NIH\] 80--22, revised 1996, Office of Science and Health Reports, DRR/NIH, Bethesda, Maryland, United States). [Table 3](#pbio.2004559.t003){ref-type="table"} summarizes the data of rhesus monkeys and their specific use here.

Imaging for injection of tracers, surgery, perfusion, and tissue preparation were described previously \[[@pbio.2004559.ref013], [@pbio.2004559.ref014], [@pbio.2004559.ref016]\]. The retrograde tracers injected in the ACC, the OFC, and the LPFC included biotinylated dextran amine (BDA, 10% solution, Invitrogen, Carlsbad, California, US), Fast Blue (FB, 1% solution; Sigma, St. Louis, Missouri, US), Diamidino Yellow (DY, 3% solution; Sigma), and horseradish peroxidase conjugated to wheat germ agglutinin (HRP-WGA, 8% solution, Sigma). After removal from the skull, all brains were photographed, cryoprotected in a series of sucrose solutions (10%--30% in 0.01 M PBS), and frozen in −70 °C isopentane (Fisher Scientific, Pittsburg, Pennsylvania, US) for rapid and uniform freezing. Brains were cut in the coronal plane on a freezing microtome at 40 or 50 μm to produce 10 matched series. In animals with injection of fluorescent tracers, 1 series was mounted on glass slides, coverslipped, and used to map labeled neurons.

Nissl and Gallyas staining for optical microscopy {#sec018}
-------------------------------------------------

Series of sections of monkey and human PFC were mounted on gelatin-coated slides (Gelatin Type A, G8-500, Fisher Scientific, Fair Lawn, New Jersey, US) and stained for Nissl using thionin blue (Thionin powder, T-409, Fisher Chemicals) to view neurons and glia and examine the cytoarchitecture of each area, as described \[[@pbio.2004559.ref162]\]. Briefly, sections were dried, defatted in a 1:1 solution of chloroform (C298-1, Fisher Scientific) and 100% ethanol (Pharmco-AAPER, Brookfield, Connecticut, US) for 1 to 3 hours, rehydrated through a series of graded alcohols and dH~2~O, stained with 0.05% thionin (pH 4.5) for 15 minutes, differentiated through graded alcohols, cleared with xylenes (UN1307, Fischer Scientific), and coverslipped with Entellan (Merck, Whitehouse, New Jersey, US). Other series of sections mounted on gelatin-coated slides were stained using the Gallyas silver technique to label intracortical myelin \[[@pbio.2004559.ref163], [@pbio.2004559.ref164]\].

Electron microscopy {#sec019}
-------------------

We postfixed human and monkey tissue blocks or sections in 2%--4% paraformaldehyde and 2.5%--3% glutaraldehyde, in 0.1 M PB, pH 7.4, for 2 days at 4 °C. To preserve the ultrastructure until processing, tissue blocks and sections were immersed in antifreeze solution (30% ethylene glycol, 30% glycerol, 40% 0.05 m PB, pH 7.4, with 0.05% azide) and stored at −20 °C. Blocks were rinsed in 0.1 M PB and cut coronally in 50-μm-thick sections on a vibratome (series 1000, Pelco) or on a freezing microtome. Sections were rinsed in 0.1 M PB and postfixed in a variable wattage microwave oven (Biowave, Pelco) with 6% glutaraldehyde at 150 W. Small regions of sections containing the superficial or deep parts of the white matter below the PFC were cut under a dissecting microscope. We confirmed the presence of ACC, OFC, and LPFC cortical regions of interest in adjacent sections that were stained with Nissl. White matter regions of interest were postfixed in 1% osmium tetroxide with 1.5% potassium ferrocyanide in PB, washed in buffer (PB) and water, and dehydrated in an ascending series of alcohols. While in 70% alcohol, they were stained with 1% uranyl acetate for 30 minutes. Tissue sections were then cleared in propylene oxide and embedded in araldite or LX112 at 60 °C. Serial ultrathin sections (50 nm) were cut in the horizontal plane with a diamond knife (Diatome, Fort Washington, Pennsylvania, US) using an ultramicrotome (Ultracut; Leica, Wein, Austria) and collected on single slot grids to view with a transmission EM (100CX; Jeol, Peabody, Massachusetts, US) or a scanning EM (Zeiss Gemini 300 with STEM detector and Atlas 5 software modules), as described \[[@pbio.2004559.ref064], [@pbio.2004559.ref162]\]. Myelinated axons were easily identified at the EM by the darkly stained electron-dense myelin sheath \[[@pbio.2004559.ref165]\].

White matter segmentation {#sec020}
-------------------------

We subdivided white matter beneath ACC, OFC and LPFC in 2 regions, by determining axon alignment in serial sections under the microscope, at gradually increasing distances from the gray-white matter border, as described \[[@pbio.2004559.ref063], [@pbio.2004559.ref064]\]. The outer, gyral, or superficial part (SWM), which mainly consists of axons that participate in short-range pathways, was immediately adjacent to layer 6 of the overlying cortical areas. The SWM, which was segmented based on the predominant radial alignment of axons, had a thickness of 0.5--2.5 mm. However, some axons in the SWM either had variable trajectories or followed the curvature of the overlying gray matter, resembling the likely trajectory of U-shaped fibers that connect neighboring gyri \[[@pbio.2004559.ref028], [@pbio.2004559.ref070]\]. The inner or deep part of the white matter (DWM), which mainly consists of axons participating in long-distance pathways, was segmented based on the predominance of axons that run mainly sagittally to the cerebral surface.

Sample size {#sec021}
-----------

To estimate the sample size, we took into account the number of human subjects and rhesus monkeys and the volume fraction of areas sampled so that the number of individual cells and axons examined produced estimates with a small coefficient of error (\<10%), as described \[[@pbio.2004559.ref016], [@pbio.2004559.ref064], [@pbio.2004559.ref096], [@pbio.2004559.ref163]\]. Pilot studies with exhaustive sampling, progressive means analysis, and the formula of West et al., \[[@pbio.2004559.ref166]\], as well as a posteriori power analysis, using data from our previous studies of cell and axon densities, or tract tracing of pathways, took into consideration all known and estimated variables, including age, sex, postmortem interval (PMI), and other diagnoses. These considerations showed that the sampling ratios used exceeded the samples needed to detect differences with a greater than 90% probability and with an estimated large effect size in the population (0.80).

Unbiased estimate of neurons, oligodendrocytes, and myelinated axons {#sec022}
--------------------------------------------------------------------

We estimated the overall and laminar density of neurons and oligodendrocytes in representative columns along the depth of a straight portion of the gyral part of anterior cingulate areas 25 and 32, orbital areas 13 and OPro, and lateral area 46 ([Fig 1](#pbio.2004559.g001){ref-type="fig"}), based on previous maps for rhesus macaques \[[@pbio.2004559.ref038]\] and humans \[[@pbio.2004559.ref044], [@pbio.2004559.ref059], [@pbio.2004559.ref154]\]. We examined OFC area 13 in human PFC and the structurally similar OFC area OPro in rhesus macaques. We used the unbiased stereological method of the optical fractionator \[[@pbio.2004559.ref167], [@pbio.2004559.ref168]\] with the aid of commercial software (StereoInvestigator; Microbrightfield, Williston, Vermont, US), as described \[[@pbio.2004559.ref064], [@pbio.2004559.ref096], [@pbio.2004559.ref163]\]. We used a minimum of 3 sections from 1 series of coronal sections from each human subject and rhesus monkey and drew contours of layers in each column.

We counted Nissl-stained neurons or oligodendrocytes at 1000×, using systematic random sampling. We identified neurons and oligodendrocytes based on their characteristic features, following a detailed cytology algorithm, as we have described \[\[[@pbio.2004559.ref162]\]; [Fig 13](#pbio.2004559.g013){ref-type="fig"}\]. Briefly, we first split labeled cell profiles into 2 broad groups. One group included cells with darkly stained nuclei (microglia and oligodendrocytes), and the other group included cells with a lighter nuclear stain (neurons, astrocytes, and endothelial cells). The level of stain tends to be correlated with the size of the nucleus, that is, darkly stained nuclei tend to be smaller than lightly stained nuclei. Once a cell was allocated into 1 of these 2 broad groups, we followed the detailed neurocytology algorithm \[[@pbio.2004559.ref162]\] to distinguish microglia and oligodendrocytes in the darkly stained nucleus group and neurons, astrocytes, and endothelial cells in the other group, using key cytological features. These included the presence or absence of cytoplasm around the nucleus (present in neurons; absent in glial cell types and endothelial cells), the distribution of heterochromatin grains, and the staining of euchromatin in the nucleus. Rounded and darkly stained nuclei with 2--4 granules of heterochromatin, often with a perinuclear halo and/or a pinkish crescent of cytoplasm, are typical of oligodendrocytes; in the human, some oligodendrocytes have clear nuclei with lightly stained euchromatin. Elongated, comma-shaped or polylobular darkly stained nuclei with numerous small granules forming a grid across the nucleus, often with greenish inclusions next to the nucleus (in the unstained cytoplasm), are typical of microglia. Cells with lightly stained nuclei and unstained cytoplasm, with a rim of peripheral heterochromatin under the nuclear envelope and several heterochromatin granules attached to this rim or in the heterochromatin net, were classified as astrocytes. Some astrocytes have yellow inclusions and pinkish threads in the perinuclear cytoplasm. Homogeneous staining of the euchromatin helps make the distinction between astrocytes and endothelial cells. Lightly stained nuclei and stained cytoplasm are the features of neurons. Nuclei with an "empty" appearance and small granules of heterochromatin around a distinct nucleolus are typical of large pyramids as well as of large nonpyramidal neurons, like fusiform von Economo neurons. Lightly stained nuclei with a nucleolus partially or totally surrounded by irregular clumps of heterochromatin and 1--2 additional heterochromatin granules in the nucleoplasm are typical of small neurons. Nuclear folding, present in neurons, additionally helped distinguish small neurons from astrocytes, especially in humans.

![Cytological figures of neurons and glial cell types in Nissl-stained sections of the primate cerebral cortex.\
(A1--A3) Human oligodendrocytes. (B1--B3) Monkey oligodendrocytes. The nuclei of oligodendrocytes are rounded and darkly stained, with 2--4 darker heterochromatin grains. In the human, the nucleus of some oligodendrocytes appears lighter (A3). (C1--C3) Human microglial cells. (D1--D3) Monkey microglial cells. The nuclei of microglial cells are darkly stained and show a variety of irregular shapes. (E1--E3) Human astrocytes. (F1--F3) Monkey astrocytes. The nuclei of astrocytes are rounded and lightly stained with a rim of heterochromatin under the nuclear envelope and several heterochromatin granules attached to this rim or in the heterochromatin net. The cytoplasm of astrocytes is usually unstained, but some show yellow inclusions and pinkish threads in the perinuclear cytoplasm (F1). (G1--G8) Human neurons. (H1--H12) Monkey neurons. The cytoplasm of neurons is stained in Nissl sections around the entire perimeter of the nucleus. The nucleolus of small neurons is partially or totally surrounded by irregular clumps of heterochromatin, and 1--2 additional heterochromatin granules can be seen in the nucleoplasm (e.g., G1; H1--H3). The nucleus of large neurons looks "empty," with a distinct nucleolus flanked by small granules of heterochromatin (e.g., G6--G8; H9--H12). Nuclear folding, present in neurons, additionally helped distinguish small neurons from astrocytes, especially in humans (e.g., G3). The calibration bar in G8 applies to A1--H12. For a more detailed description of cytological features of cells in the human and rhesus monkey brain, see \[[@pbio.2004559.ref162]\].](pbio.2004559.g013){#pbio.2004559.g013}

The counting frame (disector) size for cell counts was 50--60 μm. To ensure an unbiased estimate of the number of cells, we first measured the thickness of each section and set a guard zone at the bottom and top of each section to correct for objects plucked during sectioning (minimum 2 μm in 10--15-μm sections after tissue shrinkage); the disector thickness was thus smaller than the thickness of the section \[[@pbio.2004559.ref166]--[@pbio.2004559.ref168]\]. The height of the counting frame was 5 μm, and grid spacing was 100--300 μm. Cells were counted if their nuclei fell within the counting frame or touched the 2 inclusion lines, but not the 2 exclusion lines \[[@pbio.2004559.ref168]\]. These parameters yielded a sampling fraction with a coefficient of error of \<10% per contour, as recommended \[[@pbio.2004559.ref167], [@pbio.2004559.ref168]\]. The use of uniform random sampling ensured that every part of each area examined had the same chance of being included in the sample. We computed cell density by dividing the estimated number of counted cells with the estimated volume of each contour to assess the relative density (cells/volume of all layers in mm^3^) and the packing density (cells/volume of each layer in mm^3^) in each area and each human subject and rhesus monkey. The relative laminar density of neurons is an indicator of the average density of neurons within a cortical gray matter column and shows which layers have more neurons. On the other hand, the packing laminar density of neurons, which was estimated as the average density of neurons in each layer divided by the volume (mm^3^) of that layer, shows which layers have more densely packed populations of neurons within a cortical gray matter column of set volume.

We estimated the density of axons and the thickness of axons and myelin in the white matter at the EM in humans and rhesus monkeys. We sampled a volume of approximately 1 cm^3^ below each prefrontal cortical area, using a systematic random sampling fraction of 1:1,000 that yielded more than 2,000 axons, per human subject and rhesus monkey, per area. We divided the white matter (as described above) into a superficial part (close to the gray matter) and a deep part. We captured high-resolution images of areas of interest that were imported in ImageJ and calibrated. We estimated the overall density of axons at low magnification (2,000×--3,300×) by dividing the surface area of axon profiles by the total surface area of the sampled region. We estimated the inner and outer diameter as well as the thickness of the surrounding myelin sheath at high magnification (10,000×), as described \[[@pbio.2004559.ref064]\]. In our analysis, we included all axon profiles: those that were perpendicular to the cutting plane and appeared cylindrical, as well as elongated profiles. To ensure consistency, we measured the diameter perpendicular to the center of the maximum diameter of the axon profile.

Optical density analysis of intracortical myelin {#sec023}
------------------------------------------------

We quantified the laminar myelin content from images of representative columns from each area in the human and monkey PFC captured at the light microscope (Olympus BX 51), under brightfield, with a CCD camera (Olympus DP70), connected to a workstation running imaging software (DP Controller, Olympus). We captured images using a UPlanFl 10× /0.30 lens with the same light exposure to minimize background variability. We obtained optical density measurements from 5--15 images of cortical gray matter columns taken from at least 3 sections per area in each human subject or rhesus monkey. We imported images into ImageJ, converted them into gray scale, and inverted them. We measured levels of background staining in gray matter regions with no myelinated axons within each image and subtracted background pixel values from each image to eliminate staining inconsistencies, due to experimental variability. These gray matter regions with few or no myelinated axons were typically in the superficial, supragranular layers of the cortex (layers 1--3) in each image of a cortical column. As a result, pixels with strong staining had consistently higher optical density values than the background. We measured the mean gray level density for each normalized image and obtained overall mean gray level values for each area. We also estimated the gray level density along the depth of background-corrected columns, encompassing cortical thickness from the pial surface to the white matter. To normalize gray level density profiles to a standard depth for all cortical regions, we divided each profile into 20 bins and averaged density values across images for each bin.

Connection dataset {#sec024}
------------------

We analyzed an extensive connection dataset that includes quantitative information on the existence or absence and numbers of labeled projection neurons in the cortex of macaque monkeys after injections of retrograde neural tracers in the ACC, OFC, and LPFC. These data were recompiled from databases used in published studies from our laboratory \[e.g., \[[@pbio.2004559.ref107], [@pbio.2004559.ref108], [@pbio.2004559.ref157]\]; see [S2 Table](#pbio.2004559.s003){ref-type="supplementary-material"} for a detailed list of publications with these data\].

Relative projection frequencies according to spatial adjacency and structural type similarity {#sec025}
---------------------------------------------------------------------------------------------

Labeled projection neurons were plotted throughout the entire cortex from a series of sections from each animal (separated by 400--1,000 μm), using a commercially available semiautomated system (Neurolucida-Stereoinvestigator; Microbrightfield). For earlier studies, we used a custom-built system that included an analog/digital-microscope/computer interface (Nikon, Optiphot/Austin/i486 PC running DOS) with plotting software developed in our laboratory \[[@pbio.2004559.ref156]\]. We estimated relative frequencies of connections that were present in each animal by dividing the number of labeled projection neurons in an area by the total number of labeled projection neurons across the entire cortex. Analysis was limited to ipsilateral connections. This procedure normalized connectivity data and minimized variability due to experimental differences across rhesus monkeys (e.g., size of tracer injection or tracer transport).

For the analysis of short- and long-range ipsilateral corticocortical connections of ACC, OFC, and LPFC, we classified ratios of projection neurons based on their spatial adjacency (distance; [S3 Table](#pbio.2004559.s004){ref-type="supplementary-material"}). Connections with areas in the frontal lobe, including prefrontal and premotor areas, were considered short-range connections. All other connections with projection neurons in the temporal, parietal, and occipital lobes were considered to be long-range connections. This classification of connections is largely in line with previous studies that have described or analyzed these and other connections and datasets in primates and other species \[[@pbio.2004559.ref004], [@pbio.2004559.ref028], [@pbio.2004559.ref037], [@pbio.2004559.ref072], [@pbio.2004559.ref073], [@pbio.2004559.ref118]\].

We also classified cortical areas that innervated ACC, OFC, and LPFC, based on their structural type ([S3 Table](#pbio.2004559.s004){ref-type="supplementary-material"}). This classification is based first on observations that cortical areas tend to connect mainly with other cortical areas of similar structure \[[@pbio.2004559.ref074], [@pbio.2004559.ref107], [@pbio.2004559.ref169]\], and second, it is based on the Structural Model of Connections, which states that the laminar structural similarity of cortical areas is related to the laminar origin and termination pattern of connections between them, as well as their relative strength (e.g., \[[@pbio.2004559.ref021], [@pbio.2004559.ref073], [@pbio.2004559.ref107], [@pbio.2004559.ref108], [@pbio.2004559.ref113], [@pbio.2004559.ref114], [@pbio.2004559.ref118]\]). Classical and recent studies have determined the structural (dis)similarity of areas based on qualitative terms or quantitative measurements of several features, including the number and definition of individual cortical layers, assessed in Nissl- or myelin-stained sections, neuronal density, or the density of various receptors \[[@pbio.2004559.ref021], [@pbio.2004559.ref023], [@pbio.2004559.ref027], [@pbio.2004559.ref034], [@pbio.2004559.ref038], [@pbio.2004559.ref044], [@pbio.2004559.ref045], [@pbio.2004559.ref170]\]. Laminar definition and the absence or the presence, as well as the thickness, of layer 4 have been useful for distinguishing cytoarchitectonic features. Neurons in cortical layer 4 are small, granular, and densely packed and can be further distinguished by cellular and neurochemical criteria, like the lack of labeling with an antibody for a neurofilament protein (SMI-32), which labels neurons in layers 3 and 5 \[[@pbio.2004559.ref042], [@pbio.2004559.ref043], [@pbio.2004559.ref162]\]. Pyramidal neurons in adjacent layers 3 and 5 are also considerably larger and not as densely packed.

Using these criteria, we defined 3 major cortical types that have been consistently and widely used in the literature and assigned cortical areas in frontal, temporal, parietal, and occipital lobes in one of these categories ([S3 Table](#pbio.2004559.s004){ref-type="supplementary-material"}). The first structural type of cortex includes agranular areas, identified as those that lack layer 4 altogether. The second type includes dysgranular areas, which have a poorly developed layer 4. Finally, the third type includes eulaminate cortical areas, which describes the rest of the areas with 6 well-defined layers and laminar elaboration. Areas classified based on these 3 structural types also mostly differ quantitatively in the laminar density of neurons. The density of neurons in association cortices gradually increases from agranular to dysgranular to eulaminate areas with small variations, and agranular and dysgranular (limbic) areas have a lower density of neurons in upper layers 2 and 3 compared to deep layers 5 and 6.

Statistical analysis {#sec026}
--------------------

We gathered data blind to condition and cortical region in the part of the study involving human postmortem tissue. Random codes for human subjects and images were broken after completion of each part of the study. In most instances, data collection was performed by at least 2 investigators. We employed 1-way ANOVA for overall comparison of cell or optical densities and estimates across species, areas, and laminar groups. For analyses that showed significant differences (*p* \< 0.05), we performed post hoc pair comparisons (Bonferroni method). Data were tabulated in Excel (Office 365, Microsoft), and analyses were performed using Statistica (StatSoft, Tulsa, Oklahoma, US; RRID: SCR_014213).

For the EM analysis of axon densities and sizes, we obtained samples from widely spaced ultrathin sections (1 every 10) and fields of view through systematic random sampling to minimize the likelihood of sampling axons from the same parent branch. This sampling scheme and the fact that most axons branch very close to or after they enter the gray matter minimized the likelihood of counting segments of the same axon more than once. We evaluated data through scatter and frequency distribution plots and K-means cluster analysis with parameters set to maximize initial between-cluster distances. Data distributions for continuous variables were not significantly different from normal as determined by the Kolmogorov--Smirnov test and thus allowed the use of parametric statistics. We initially used x^2^ and Kolmogorov--Smirnov tests to examine axon size distributions and multiple linear regression analysis to examine correlations.

To demonstrate global similarities/differences among prefrontal areas, we performed NMDS, which allows visualization of high-dimensional data into a low 2-dimensional space that approximates pairwise distances between data points. We used all estimated variables at the light and electron microscopic level. These included 34 architectural features, like the relative and packing laminar density of neurons, oligodendrocytes, and intracortical myelin, as well as 12 ultrastructural features of the white matter, including relative axon density (all myelinated axons), outer diameter, myelin thickness, g-ratio, and relative proportion of thin, medium, thick, and extra-large axons. The relative proximity among items in an NMDS diagram represents their relative similarity. For each of the 3 brain regions in the 2 species, the values were averaged to produce a feature vector comprised of 34 features derived from brightfield analysis (neuron and oligodendroglia density all layers, relative and packing laminar density of neurons and oligodendroglia, and relative laminar density of myelin). This feature set was z-scored and used to create a distance matrix, which served as the basis for nonmetric multidimensional scaling. This technique allows high-dimensional data to be assigned to new lower-dimensional coordinates that preserve distances between data points. We thus projected the 34-dimensional feature data into a 2-dimensional space. We performed a similar analysis for the EM measurements in 6 white matter regions (SWM and DWM below ACC, OFC, and LPFC) and 12 feature dimensions (axon density, outer diameter, myelin thickness, g-ratio, ratio of thin axons, ratio of medium axons, ratio of thick axons, ratio of XLarge axons, myelin thickness of thin axons, myelin thickness of medium axons, myelin thickness of thick axons, and myelin thickness of XLarge axons). We additionally performed discriminant analysis to identify experimental measures that minimize the overlap and clearly separate the distributions of individual data points belonging to different cortical areas across species. Moreover, we performed hierarchical cluster analysis (HCA) to group areas based on (dis)similarities in their parameter profiles. In this test, the relative similarity of areas is expressed as the distance between two branching points in a cluster tree diagram. HCA and NMDS analyses employed squared area (dis)similarity matrices derived from the normalized area profiles by Pearson′s correlation. In addition, we examined whether the feature set of each region between species was correlated. As the feature set included values that vary considerably in scale, we log-transformed the data and then regressed the monkey feature set onto the human feature set.

Finally, we examined the potential effects of sex, PMI, age at death, and other diagnoses (i.e., seizures) on all estimates for axon size as well as axon and cell density, using correlation analysis. In addition, we compared all estimated variables between and within species using MANCOVA with sex, PMI, age at death, and other diagnoses as covariates. These analyses did not yield significant effects.
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ACC

:   anterior cingulate cortex

ADI-R

:   Autism Diagnostic Interview--Revised

ASD

:   autism spectrum disorder

DWM

:   deep white matter

EM

:   electron microscope

LPFC

:   lateral prefrontal cortex

MANCOVA

:   multivariate analysis of covariance

NMDS

:   nonmetric multidimensional scaling

OFC

:   orbitofrontal cortex

OPro

:   orbital proisocortex

PFC

:   prefrontal cortex

PMI

:   postmortem interval

SWM

:   superficial white matter
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